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...an economy based only on solar energy would have to rely on the
natural costless way of harnessing that energy, which means an intensive
utilization of wood . .. and possibly, but at this moment, debatably, of
algae,

N. Georgescu-Rocgen, 1976

ChallengesitoAlgae BiofuelsiDevelopment

Microalgae are currently cultivated commercially (>100 mtly)
mainly in open shallow ponds, mostly in raceway-type, paddle
wheel mixed ponds, for high value nutritional supplements,
~10,000 t/yr produced, with typical plant gate cost >$10,000/t.
The biofuels challenge: producing millions of tons at <$1,000/t

Microalgae are very small, grow as very dilute (<1 g/l) cultures
in suspension, have very low standing biomass (<100 g/m2),

require daily harvesting from large volumes of liquid, with the
harvested biomass at <10% solids, must immediately process.

Microalgae cultures requires a source of CO2, either purchased
or “free” (power plant flue gases, biogas or ethanol plants, etc.)
Not often there were we want. CO2 use is a need not a virtue!

Microalgae require good climate - for a long cultivation season.
For biofuels these must be produced at very high productivity
And expand the number of species cultivated from four to more.
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Scale-up: closed photobioreactors vs. open ponds
Harvesting: wastewater treatment by microalgae
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Economics: projections for microalgae biofuels

7. Conclusions: just a few more R&D challenges
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Fisher (1956), A.D. Little Co.: engineering design-cost
estimate for 40 ha PBR system: 2009%$>2,000,000/ha
(plastic tubes ~5% of total) A rather detailed study!




History repeating itself: GreenFuel Technologies

Roof of MIT at Campus power plant. Claimed that
their PBRs captured 85% NOx & 50%6 CO2, and
produced biodiesel at >250,000 I/ha-yr (I'1). Thel
tested at Arizona Public Services power plant

(photoshop!), tests failed.... Now are history (went
broke May 2009, after $70 million).
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A Look Back at the
LS. Department of Energy’s
Aquatic Species Program:
Biodiesel from Algae

8, L %

Paul Roessler
(now at Synthetic
Genomics)

Clese-Chat Report

Aguatic Species

1999
Executive Summary
J. Sheehan (NREL) et al.

Part 1. Algal Cultures and
Genetics (P. Roessler and
T. Dunahay, consultants)

Part 2. Algal Mass
Cultures and Production
Technology (J. Benemann,
Principal Investigator, and
J. Weissman, consultant).

Report only summarizes
extensive work by the ASP
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Microalgae produced commercially today.

Spirulina {Arthrospiva platensis) Dunaliella safina

Chlorella vulgaris
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1stCommercial Algae Production 1960s: Chloerella
[r) Jztozi), Usirle cwcularponds (these do not scale)
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Microalgae Products: >95%b
“nutraceuticals”, total world
production —~10,000 tons

HET WT. 5 OZ. (141 g) POWDER
SITUBLETS (60D mg) MET WT. 1648 ”
Tt B ot

FOWDER NET WT. 16 0Z. {549
Diatary Supplemant




2 MW(e) Power Plant and 67 Capture

EXAMPLE OF A COMMERCIAL PBR (only a few):
Photobioreactors in Israel (=300 km tubes!)
for a very high value product (astaxanthin
>$100/kg biomass, Haematococcus pluvialis).

.. failed, closed, reopened, now going to ponds!
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: Examples of
s (semi) commercial

photobioreactors

Biotechnology and Bioengineering, Vol. 31, Pp. 336-344 {1538}'

Photobioreactor Design: Mixing, Carbon

Utilization, and Oxygen Accumulation

Joseph C. Weissman® and Raymond P. Goebel
Microbial Products, Inc. 4084 Union Ave., Fairfield, Calffornia 94533

John R. Banemann )
Dapartment of Applied Biology, Georgis Institute of Technology, Atfants,

Photobioreactor design and operation are discussed in
terms of mixing, carbon utilization, and the accumula-
tion of photosynthetically produced oxygen. The open
raceway pond is the primary type of reactor considered;
however small diameter (1-5 cm) horizontal glass tubu-
lar reactors are compared to ponds in several respects.
Paper in response to many claims that PBRs superior to
open ponds. Points out problems of both open ponds
and closed PBRs. Main issue for PBRs scalability: unit
size <1000 mZ2. Also PBRs are too expensive for biofuels
but good for inoculum (—1%b6 of biomass) production.




Open Pondsivs, Closed Photobioreactors

Biomass Concentration Ponds < PBRs
Capital/Operating Costs Ponds << PBRs

Just a matter of time for either
NO substantial difference*

A matter of productivity

Evaporative cooling needed
Depends on pH, alkalinity, etc.
02 major problem in PBRs

no major differences (weather)
function of depth, 2 -10 fold
Ponds >>10 x lower cost!

Parameter Relative Impact Note
Contamination risk Ponds > PBRs

Productivity Ponds ~ PBRs

Space required Ponds ~ PBRs

Water losses Ponds ~ PBRs

CO2 losses Ponds ~ PBRs

02 Inhibition Ponds < PBRs

Process Control Ponds ~PBRs

*Productivity can be higher if PBRs are in vertical orientation or in cold
conditions where the heat retained allows faster growth of the algae.

CONCLUSION: Are PBRs better than ponds? Sometimes: in cold
climate, not in hot. Advantages overstated. Key issue is COST
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Algae biofuels proposed for Boston high-rise
Futlristiedasioncoriedgrofiars Utz inop-sitefualeandraijor)

Sept. 29, 09 Biofuel Digest
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CO IV assiiransier CoelficiEntsImPends

Depth  Velocity kL Surface
cm cm/sec cm/sec Renewal, sec
10 10 3.9x 104 150
10 30 1.4x103 12
30 10 2.2 x10* 480
30 30 0.8x10% 37
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. Historical development of microalgae technology

Current commercial reality of microalgae production
Scale-up: Closed photobioreactors vs. open ponds
INTERMISSION: CO2 sources /issues for algae biofuels
Harvesting: Wastewater treatment by microalgae
Productivity: reality, fantasy and genetic engineering
Projected microalgae biofuels production economics

Conclusions: A few more barriers to algae biofuels
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Algae use ofilarge coal:fired power plant(CkP),CO,

1. Even a small CPP needs thousands of hectares of algae ponds
2. Transport of flue gas to the algae ponds is a major cost problem
3. Transfer of flue gas COz into the ponds is another cost problem
4. Loss of CO2 during transfer of flue gas into algae pond culture
Loss of CO2 from the ponds by outgasing, before the algae grow
Must design CO2 supply for highest summer hourly productivity
Day-night & winter-summer disparities reduce CO2 use by ~75%
Only ~40-60% of CO2 actually fixed by algae ends up in oil / fuel
. With losses, maximum plausible net capture of CPPs CO2 ~10%
10. Capture of CO2 from CPPs is NOT greenhouse gas abatement
11. Biofuels grown on CPPs are NOT sustainable (by definition)
12. CPPs MUST reduce CO2 emissions by 90%, not just by ~10%
13. Global potential for algae CO2 capture from CPPs is <<1%
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ABANDON ALL HOPE
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NOTE: NOT CO2
SEQUESTRATION CAR

Alternative Seurces ofiCO2 for Algae Production

Gas/Oil fired cement or ammonia plants, refineries, etc.? Better
Small distributed fossil power plants? Better still, need more
Capture of CO; from air to supply the algae ponds? Not likely?
Seawater as a source of CO,? OK, but only supplemental
Biomass power plants, pulp paper mills? Yes, need right place
Ethanol and other agricultural processing plants? More like it.
Municipal solid wastes processes (landfills)? Looking better !
Animal & other agricultural wastes? Looking better all the time!
Municipal wastewaters (sewage)? BINGO! We have a winner !!!

WHY?: Because municipal wastewater treatment pays, enough;
Because sewage has the right C, N, P nutrient concentrations;
Because it is a reliable supply, and algae treatment would save

more greenhouse gases by producing not using energy;
Because algae recover nutrients better than other technologies
Because use existing technology, need only modest advances
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Projected microalgae biofuels production economics

7. Conclusions: A few more barriers to algae biofuels

MICROALGAE FOR WASTEWATER: TREATEMENT
Nergzl CA Weisiayeiterifrazitant Roiels ~ 100 pleerzire

In 1974 Lstarted an<R&D projectc
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U.C. Berkeley, Richmond Field Station, 1970 -
sanitary Engineering ReSearch  Laboratory .
idie-wheels used fgr mixing largeigonds
5 #f




BIOFLOCCULATION' OF MICROACTINIUM
these spontaneously forming flocs settle rapidly for
low-cost harvesting - a key reguirement in mass
culture of microalgae, for biofuels or: waste treatment




SchematiciorMunicipal Wastewater lneatment
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with nutrient capture, oil and biogas co-products
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Qil yields liters/ha-yr barrels/ha-yr
Soybeans 400 2.5
Sunflower 800 5
Canola 1,600 10
Jathropha 2,000 12

Palm Oil 6,000 36

Microalgae 60,000-240,000* 365 -1500*

*Projected high yield (by GreenFuel Technologies)
Is ~2 X theoretical efficiency (with no biomass!)
Low is maximum possible yield for long-term R&D

SOLARENERGY. CONVERSION WITH RHOTOSYNTIHESIS

US Southwest solar energy=2 MWhr (7.2 GJ)/mz-yr
~assume 90%b reaches the crop/or algae in pond
~459% is PAR (photosynthetic active radiation)

~ 90%b photons are absorbed by PS pigments

22% max PS efficiency (photons—>biomass energy)
~75% loss to light saturation and photoinhibition
~15%b loss to respiration (growth, maintenance)

Calculation (current best, year-round algae culture):
7.2 GJ x0.9 x0.45 x0.9 x0.22 x0.25 x0.85 = 0.12 GJ
~1.7%b solar efficiency. For @25%b oil in biomass
~23GJ/mt and productivity is ~52_m=13 mt oil/ha-y
Maximum oil —15,000 liters/ha-yr (1,600 gal/ac-yr)
near-term technology, 2-3X with long-term R&D on
PS efficiency (“antenna size”), oil biosynthesis, etc
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Biomass Productivities in Wild Type and Pigment
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For biofuelswe willinotonly need ponds

1. For hlgh productivity/oil content we most Ilekely will need GMA

2. These genetic modifications are of a regulatory nature, do not
involve introduction of foreign genes or novel pathways.

3. There is little /no difference between genetic modifications
using molecular tools and natural selection or mutagenesis.
However: the latter not as powerful, specific or fast.

4. GMAS) pose no risk to the environment, will not spread.

5. HOWEVER, many, both lay and scientists, view use of GMA,
and their unavoidable dispersal with concern, even alarm.

6. We need a committee of phytoplankton ecologists and other
independent experts who can advise regulators, government
officials and the public about these issues and safety of GMA.

7. | called for a moratorium on GMA releases (but not R&D) until
this process is completed. Anyway, no rush, we are not ready.
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Current commercial reality of microalgae production
Scale-up: closed photobioreactors vs. open ponds

Harvesting: wastewater treatment by microalgae

a ~ o
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6. Economics: projected for microalgae biofuels

7. Conclusions: just a few more R&D challenges




Prier techno-econemic analyses, for open

gariclrriicrozlejziglgigiti2 Faraelticiion (nost
now availagle atrttg: //www.osti.gov/oricdge/)

Benemann, J.R. P. Pursoff, & W.J. Oswald, 1978. Engineering Design

and Cost Analysis of a Large-Scale Microalgae Biomass System,
Final Report US DOE. NTIS #H CP/T1605-01 UC-61.

Benemann, J.R., R.P. Goebel, J.C. Weissman, & D.C. Augenstein 1982.
Microalgae as a source of liquid fuels. Final Report U.S.DOE BER

Weissman, J.C., & R.P. Goebel, 1987. Design and analysis of
microalgal open pond systems for the purpose of producing fuels
Report to US DOE- SERI (for the Aquatic Species Program)

Benemann, J.R. & W.J., Oswald 1996, Systems and economic
analysis of microalgae ponds for conversion of CO2 to biomass.
Report to US DOE-NETL (National Technology Energy Laboratory)

Caution: These reports lack in design and cost details -
and made many very favorable assumptions about process.
Conclusion: it may not be impossible to produce algae biofuels

Updated Engineering DesigniCost Analysis Project
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Controlled Bioreactor Landfill Project, Davis,CA

1989 — present Don Augenstein and John Benemann

Institute for Environmental Management, Inc. and
Ramin Yazdani, Dept. Public Works, Yolo County, CA

+ Annual daily average projected at = 20 g/m2/d
« Max =4 g/m2/hr for designs of ducts, pipes, pumps, etc.
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Recycle wastewater case
Set Price for Land (307 increase for » 100hs) 15,000 $tha
Set Price for Barrel of Oil 120 $ibarrel Sow bean oil sost a5 of 2007
Set Frice for Carbon Credit 185 $imt As 0F10-08-08
Gas Turbine Cost [$kW] £ 475 kW FEF Boyce 2002
Additional area req. bazed on drawing 39
> | Operation Apr May Jun aul Now
3| Average algae productivit 25 £ 40 40 8
¢ | | |Euaporstion of totsl flow 73 a2y 9% a7 3%
5| Wolatilazation M () 10 105 10% 1034 103 105
5| Blow down (2] 00,005 100,003 100.00% 10000 100003 10000
Al Anaerobic digestion loss 6] 103
i | Operation Results an Mar Apr May Jun Jul Aug Sep Dot Nov Dec
0 Influent (m3td] 31,400 31,400 31,400 Inson 400 ana00 311400 3Nna00 n40n 311400 311,400}
| Total Flow G (midtd) 8007 B2E2E 83541 4,207 26563 85,563 24207 83.541 B2EZE #1363 B0,E07
2 | Total areareq. [ha) 100 03 104 05 07 107 05 104 03 ot 100
3 | # of Fonds 25 26 26 6 27 27 28 26 26 5 25|
i Ewaporation [m3d] 2,018 4,555 6,030 713 8179 8253 TE43 6,123, 4475 2642 1887
5 | Blow down G (m3td) e 74,226 72308 70,319 63,205 63,132 70383 72213 T4,306 BT 77,843
Blow down M (mgrL] 28 " 15 2 5 5 12 15 " 24 28|
8 | Total Biomass Available (katd) 1620 6539 14,342 20,383 25,350 34,388 34,388 25380 20,383 14,342 6539 1620}
Tatal Biomass per month (kgfmenth] 48831 196161 448272 523483 TEI40 1031645 1031645 TEMID 629483 48272 186161 48831
| | Labor Requirements
Eihatyr £ 3348 ¢ 3343 ¢ 3333 ¢ 3325 ¢ 2320 ¢ 3309 4 3308 ¢ 3320 % 3325 ¢ 3 % M 3 3,349
By $ 378194 & 380,243 % 383755 & 386,290 % 388141 § 39846 § 391546 § A LR 386,290 ¢ 3BITEE $ 380243 ¢ 378,194
e Jan Feb Mar Apr May Jun Jul Aug Sep Oect Nov Dec
il ourly
8| Peak Algas Froductivity (gfm2thi] 05 05 05 z + 4 4 4 2 z 05 05
3 May Biomass (kathr] 536 536 536 2143 4286 4286 4286 4286 3214 2143 536 536
0 C needed (kathr] 288 288 288 1071 2M7 PALES 2,47 PALES 1807, 1071 263 262
|| | CO2 Required uith uptake o, (kathe) 132 132 132 5231 ez 10582 056z 10582 793 5291 1323 132
2| 02 Req. [m3fhr) 92 92 92 2,260 7700 7.0 7,700 7.0 B.I78 2,260 262 92|
3| | Flus Gz Feg mathn) a5 a5 a5 4% 76397 76397 78397 76397 57347 3498 3625 925
t Flue Gas Req. (ft3/min], 5,665 5,665 5,665 22,663 45,312 45,318 45,318 45,318 33389 22663 5,685 5,665
5 | Daily
7| || Biomass produced (ko) 2000 8072 BT 305 3 2455 2455 3133 =305 44T 072 2000
8| C needed minus recycled C and WW C (kgtday) a a7 4,325 8133 10463 15,307 15,248 10,373 8083 4,823 3 o
3| C02 Required with uptak.e eff. (kard) o 2,060 24321 40,163 51698 79989 78,291 51254 33,820 23847 1692 o
0/ C0O2 Req. (m3fhr) a o7 1264 2,087 2E8T 3328 3.81 2EE4 2, 123 8 o
| Flug Gas Feq. (m3thr] o 1071 12,641 20,875 26,870 39,287 39,132, 26839 20,696 12,394 LIE] o
2 | Flue Gas Feq. (fr3imin), a B30 7440 12,28 15,515 23123 23032 15673 12181 7235 517 o
i | Parasitic Energy
5 | ‘i ster pumpina (filling HRP] [k Whtd) 1560 1574 1,533 1817 1630 1656, 1856 1630, 1817 1599 1574 1560]
6| HRF mixing (kWhtd) 10,136 10,136 10,136 10,136 10,136 10,138 10,136 10,138 10,136 10,136 10,138 10,138
il Salvent Extraction [K'whtd] 1065 1,300 1703 1332, 2,202 2834 2,634 220z 1392, 1703 1300 1.065]
:H Primary Sludge pumping [k Whed) a84 a84 a84 984 84 284 984 a8 984 984 884 954
3| Blowers for Flue gas (k'whid] o 138 1623 2,690 3462 5062 5,042 3432 2,667 1597 113 o
0| Setted algas pumping (2 times) (kihid) 44 8 406 &70 & 938 235 £30 £ 40 78 44
| Total Energy Consumption [kiwhid] 13,843 14,371 16517 13,043 13,164 21486 21446 19,134 13,026 16,485 346 13,849
2 | Tatal Energy Consumption [kwhimaonth] 415474 431121 495,503 541461 74,321 643,350 643,391 574,030 540,771 494,550 430,380 15,474 ]
3 | alue [$day] €3 1,385 74 1437 74 1652 74 1,805 74 1996 7§ AT ] 2M5 T 1913 7§ 1803 74 1643 7§ 1395 73 1,385
4 Walue [$#manth] & 4547 4 EERIERE ] 49550 § B4146 § 57482 ¢ 64399 ¢ 64333 % 57403 § B4077 § 43455 ¢ 43038 % 41547
5 | Total Energy Produced (kWhimonth) 503,537 TO781 1,046,263 1,289,558 1466558 1828447 1823447 1466 658 1283558 1046263 707211 503,537
7 | ¥alue of Total Energy Produced ($/month) + 50370 ¢ I 3 104627 ¢ 128,958 ¢ MMEEEE §  1B2ME § 182846 ¢ MEEEE & 122,966 & 1MEZT ¢ 0T % 50,970
NetEneras Produced LY 1 A BTERT 45 00 al R Lk Tilrid 2 E2ar 45 ZERr EELTlr L ad




100 ha OiI+Biogas+ Wastewater treatment

Total capltal cost $23 M|II|on
Financial summary

Totd revenue from dectricity ($/yr) $800,000
Tota operating expenses ($yr) ($2,100,000)
Bond repayment ($/yr) ($2,000,000)

Total cash outlay requirements ($/yr) ($3,300,000)
Totd oil produced (bbl/yr) 10,100

Total cash outlay per barrd ($/bbl) ($327)

Not Included: income, property taxes, wastewater treatment
revenues, depreciation, corporate overheads, license fees ...

LCA GREENHOUSE GAS EMISSIONS & COST'S,OF ALGAE BIODIESEL

Diesel trucks: algae vs. canola biodiesel/fossil diesel
Summary LCA Study by Campbell et al., 2009 based
on Benemann & Oswald,1996, “conservative” case:
productivity of 55 mt/ha-yr, 40% oil, ~20,000 I/ha-yr

Emissions & Costs for moving Algae  Algae Canola Diesel
1 mt1km by diesel truck 100%CO2 Flue Gas biodiesel Fossil

GHG CO.,e emissions g/t-mi -22.7 -15.2 95.3 108.8

Cost, feedstock or algae ops 0.015 0.013 0.035 0.026

Cost, conversion & dist 0.006 0.007 0.007 0.003
Cost, capital 0.014 0.019 0.001 0.000
TOTAL COST $/mt-km 0.044 0.039 0.042 0.038

COqe: total greenhouse gases, includes CH4 and N2O. Costs
do not include taxes. (Costs are relative: not adjusted from
AUSS$, cost of oil, etc.). For 100% CO; case, purchased CO»




OUILEINE OF TAIK

1. Historical development of microalgae technology

2. Current commercial reality of microalgae production
3. Scale-up: closed photobioreactors vs. open ponds
4. Harvesting: wastewater treatment by microalgae

5. Productivity: reality, fantasy and genetic engineering

6. Economics: projected for microalgae biofuels

7. Conclusions: just a few more R&D challenges:
the algae, the grazers, the climate, the, oh yes the oil!

ASP Iselatedimany algal strains, testediformass cultures
EACH speCIes even each Strailiasits own story




ROTIEERS (JUST ONE TYPE OF ALGAE GRAZER]
VISt mztnziej2 goridls for ezl sgacias & culitra sy

Nature already provides what some want tojmake

algae clo) 0|I globs from Botryococcus oreltn]]
o S




A major issue:; what is;petential resource,; ?
SuitaglaelimEte rdelors for microzlefzle:
arrivzl averacge terriperailres of > 15 °C

degr. Celcius
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o » In addition to climate, algae biofuels
mms-» productfon requires multiple resources at the
Hlx-= game site: flat land, water, and a CO, source.

"W Potential possibly significant but uncertain

;
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Biomass Energy Economics

John R. Benemann¥*

...an economy based only on solar evergy would have to rely on the
natural costless way of harnessing that energy, which means an intensive
utilization of wood . .. and possibly, but at this moment, debatably, of
algae,

N. Georgescu-Roegen, 1976




SOMWVHYABONEERWINIHALCAEBIOEUELS?
Algae R&D faster. Why? One week is like a crop year.

Algae R&D cheaper. Why? Smaller scales, fewer variables
Algae R&D simpler. Why? More tractable organisms (?)
Algae deployment could be much faster if really needed

Algae have multiple benefits. What? wastewater treatment,
protein and other co-products

Algae can use water (e.g. seawater) and land unsuitable
for crop production.

Whyweneedallibiofuels: Glohal Warming!

(from the book jacket):

M “...the geopolitical
conflicts that may unfold
over the next few
decades [are] almost too
fearsome to absorb...

[among] the scientists
themselves, there is a
palpable sense of panic,
something confirmed by
Dyer in his interviews
conducted around the
world.”

CLAMAMTE WARS







